leaching fi elds [4] [5] . Currently, lots of research has shown that leaching copper from WPCB by A. ferrooxidans is a feasible method, and it's a technology with low energy consumption and no generation of "secondary pollution" [6] [7] [8] [9] [10] . However, the valence state of metals in ore and WPCB is different, so the mature microbiological techniques in ore are not well suited to bioleaching from WPCB. At present, a widespread problem about leaching copper from WPCB by A. ferrooxidans exists, and leaching effi ciency is low [11] [12] . It is imperative to explore a new way to assist A. ferrooxidans in bioleaching copper from WPCBs.
The NCNT has a one-dimensional tubular structure and is made up of single-layer or multi-layer grapheme [13] . Due to its great specifi c surface area, good adsorption, and good electronic and heat transfer [14] [15] [16] [17] , NCNTs have been widely applied as catalyst carriers in catalyst fi elds. Research has shown that the growth of bacteria will be inhibited by excessive CNTs [18] .
The objective of this study is to increase the contact area and speed up the reaction between A. ferrooxidans and WPCB powder. Based on the special properties of NCNTs, we explored the catalytic role of NCNTs in bioleaching copper from WPCB by A. ferrooxidans. In order to recover material, the reuse feasibility of NCNTs after the bioleaching reaction was investigated.
Material and Methods

Source and Description of WPCBs and NCNTs
WPCB was provided by an electronic waste recycling company in Shanghai. The sample was crushed into small particle sizes by a grinder (DF-40, BILON, China) and pretreated by saturated brine so that metals and non-metals could separate as much as possible. Then it was washed by distilled water and dried at 60ºC for 24 h. All WPCB particle sizes used in this study were less than 1 mm. NCNTs were provided by the College of Environment and Material Engineering in Shanghai Polytechnic University. NCNTs were dried prior to use.
Microorganism and Reagents
A. ferrooxidans used in this study were isolated from acidic mine drainage from Dexing Mine, Jiangxi province, China. The bacteria were grown in 9K medium with its components: (NH 4 ) 2 SO 4 3.0 g, KCL 0.1 g, MgSO 4 ·7H 2 O 0.5 g, K 2 HPO 4 0.5 g, FeSO 4 ·7H 2 O 40 g, Ca(NO 3 ) 2 0.01 g, 1000 ml distilled water (adjusted to pH value 2.5 by sulfuric acid). All aqueous solutions were prepared by distilled water.
Characterization of WPCBs
The elements contained in WPCBs were detected by chemical analysis. Different particle sizes of WPCB powder were digested by aqua regia at 90ºC for 2 h, then diluted by distilled water and analyzed using an inductively coupled plasma-atomic emission spectrometer (A6300, Thermo, USA; Table 1 .)
Acclimatization of A. ferrooxidans
In order to improve A. ferrooxidans' resistance to copper ions, the content of copper ions in culture medium was increased each time.
Different Methods of Bioleaching
In order to investigate the catalytic role of NCNTs in the bioleaching process, three things needed to be done: 1. The experiment should be done to determine whether or NCNTs inhibited the normal growth of A. ferrooxidans.
Experiments were conducted with three conditions: (i)
only bacteria was added in culture medium, (ii) only NCNTs were added in culture medium, (iii) bacteria and NCNTs were both added in culture medium. 3. For the purpose of exploring the reuse feasibility of NCNTs after bioleaching reaction, the experiment was designed to test the reuse performance of acidifi ed NCNTs.
Analytical Methods
During the bioleaching period, the pH in leached liquor was measured by a digital pH meter (Sartorius PB-10, SARTORRIUS, Germany). Redox potential was detected by electrode (XK30-HT1000, REX, China). Fe 2+ was measured through a UV spectrophotometer (TU-1901, PERSEE, China) at 510 nm, and the surface of NCNTs was observed using a SEM (S-4800, HITACHI, Japan). All graphs were drawn using origin 8.0. 
Results and Discussion
Compatibility Test between NCNTs and A. ferrooxidans
The leaching rate of copper in solution was made as an index for exploring the effects of different amounts of NCNTs to A. ferrooxidans. As shown in Fig. 1 , the results indicated that the leaching rate of copper in all experimental groups increased during the extension of the leaching time. NCNTs could improve the leaching rate of copper from WPCB, and with the increased amount of NCNTs its ability to promote the leaching rate fi rst increased before decreasing. In 50 ml culture medium, the optimal amount of NCNTs was 0.04 g.
The reasons for these results might be the large surface areas of NCNTs, which could increase the contact areas between bacteria and WPCB powder, then make the fi xed reaction time extended between bacteria and WPCBs. Bacteria gathered on the surface of NCNTs, and NCNTs could be satisfactorily adsorbed on the surface of WPCB powder. Therefore, this process increased the bacteria residence time in WPCB powder, so that there was suffi cient contact time between bacteria and WPCB powder, and the leaching rate of copper in all experimental groups increased respectively. On the other hand, a large amount of NCNTs would inhibit bacterial growth. The distribution of NCNTs in the culture medium was divided into two parts: one part of NCNTs was dispersed in the solution uniformly, and the other part would fl oat at the surface of culture medium (so it was necessary to control the amount of NCNTs). The excessive NCNTs could block carbon dioxide entering the culture medium and the phenomenon of agglomeration would appear, which was not conducive to the normal growth of bacteria. This was similar to the result in Xie's study [18] .
In summary, the bioleaching rate fi rst increased and then decreased during the increased amount of NCNTs.
Effects of NCNTs in the Bioleaching Process
The Change of pH during the Bioleaching Process
Many factors affect pH variation, including the generation of bacterial metabolites and chemical reactions in the culture medium. Therefore, detection of pH changes can refl ect the reaction process. Fig. 2 shows the change of pH during the bioleaching process. In the experiment that only added NCNTs, the pH in culture medium rose to nearly 3.5 quickly and remained unchanged during the extension of the leaching time. For the experiment in which only bacteria was added, culture medium pH rose to near 3.0 after 24 hours of bioleaching, then dropped to 2.5 when cultured for fi ve days. For the experiment in which bacteria and NCNTs were both added, the culture medium pH fi rst rose to nearly 2.7 before gradually dropping to 2.2. Overall, under these three conditions of bioleaching, pH fi rst rose and then gradually declined after 24 hours, and the order of pH value was: only NCNTs > only bacteria > NCNTs and bacteria.
The reasons for this phenomenon might be that the transition for Fe 2+ to Fe 3+ was a process of acid consumption at the start of the reaction, so the pH in culture medium suffered varying degrees of rising at the beginning of all experimental groups. After a period of time, Fe 3+ began to hydrolyze and H + was generated, so the pH in culture medium gradually declined. Another possible reason for the second result might be the large specifi c surface in NCNTs, so free H + in culture medium was absorbed by NCNTs, and the free H + was declined in the culture medium caused a pH value higher than the other two groups. Moreover, bacteria might have a stress reaction under the effect of NCNTs, and the secondary metabolites that were produced by bacteria contained some acid substances. The stress reaction might make the acid intracellular substances be released into the extracellular ones, and this process made the concentration of H + increase in culture medium, so the group where NCNTs and bacteria were both added had the lowest pH value.
The Change of ORP during the Bioleaching Process
Redox reaction can be refl ected by the variation of ORP in leaching solution. Fig. 3 showed the variation in ORP during the bioleaching process. In this fi gure, the leaching time could be divided into two periods. In the fi rst period, the curves of ORP dropped with the increase of leaching time, and the experiment in which only NCNTs were added had the largest decline compared with the other two groups. Besides, this phenomenon was diametrically opposite to the change of pH in the culture medium. In the second period, the curves of ORP ascended with the extension of leaching time. Among these three experiments, when NCNTs and bacteria were added simultaneously, the ORP was always higher than the other two groups. The overall trends were different with the variation of pH in culture medium. During fi ve days of leaching, the order of ORP value was: NCNTs and bacteria > only bacteria > only NCNTs.
There were two reasons for the ORP variation during the bioleaching process. On one hand, as previously said, ORP value in the culture medium was decided by many factors, for instance the ratio between oxidized material and reduced material, temperature, pH, and so on. Fresh culture medium had the maximum value of the ORP, and the ORP value was declined gradually during the extension of the leaching time. The variation extent of ORP in three experiments was inconsistent, and these were the results of the combined action among oxidized material, reduced material, and pH in culture medium. On the other hand, the large specifi c surface areas that NCNTs had could offer a place to react between bacteria and WPCB powder, then some oxidation substances were absorbed in these areas, such as Cu 2+ and Fe
3+
. Therefore, oxidation substances in the solution could be maintained for a long time, so the group in which NCNTs and bacteria were both added had the highest ORP value.
Variation of Fe 2+ in the Bioleaching Process Fig. 4 indicates that the oxidation rate of Fe 2+ was at a lower level and basically remained unchanged in the group in which only NCNTs were added. The variations trend of Fe 2+ were the same in other two groups, but the oxidation rate of Fe 2+ in the group in which NCNTs and bacteria were both added was the highest. These phenomena could be divided into two periods. During 24 hours the oxidation rate of Fe 2+ ascended with the extension of leaching time, then dropped gradually after 24 hours. The oxidation rate of Fe 2+ declined to 0.1g/ (L·h) after fi ve days of bioleaching. Seen from Fig. 4 , the conclusion was that the oxidation rate of Fe 2+ in the group in which NCNTs and bacteria were both added was the highest. The main reasons for this phenomenon might be the Fe 2+ in the group in which only NCNTs were added and were only oxidized by air. Shown in Fig. 4 , this phenomenon appeared to demonstrate that the oxidation by air was very weak. In addition to air oxidation, the action of bacteria was also the reason for the other two groups, so the variation trends in these two groups were the same. The action of bacteria played a major role due to bacterial metabolites that could promote the conversion between Fe 2+ and Fe
. Furthermore, the addition of NCNTs could improve this conversion between Fe
2+
and Fe 3+ to some extent, and resulted in the higher Fe 2+ oxidation in the group in which NCNTs and bacteria were added simultaneously.
Leaching Rate of Copper under Different Conditions of Bioleaching Fig. 5 indicates that nearly 80% of copper was leached after fi ve days of reaction in the group in which only bacteria was added, but when NCNTs and bacteria were both added in the culture medium, about 90% of copper was leached after fi ve days of reaction. If only NCNTs were added to the culture medium, the leaching rate of copper was only 5%. The addition of NCNTs certainly promoted the leaching rate of copper from WPCB powder.
The possible reasons for these phenomena might be the dissociative Cu 2+ in culture medium that was absorbed by NCNTs, and this reduced the concentration of Cu 2+ in the culture medium, and this process could not enable Cu 2+ in reaching saturation state in the culture medium, so the reaction always generated Cu
. This phenomenon could promote the leaching rate of copper to some extent from WPCB powder. On the other hand, NCNTs have a good ability to transfer electrons; therefore, the electron transfer rate in the culture medium was sped up by the NCNTs, and at last the leaching reaction was promoted. When NCNTs and bacteria were both added to the culture medium, the leaching rate of copper was the highest of all experimental groups.
The Recycling Feasibility of NCNTs
On one hand, NCNTs are expensive, but on the other it carries a potential risk to the environment, so NCNTs must be recycled. On the basis of the experiment above, a method for acid treatment was used to remove impurities in NCNTs. The fi ltrate was fi ltered in order to collect NCNTs. Fig. 6 showed the SEM scanning of NCNTs which were in a different state. The surface structure of NCNTs could be seen clearly from Fig. 6a , and the surface of NCNTs was of uneven thickness. According to the result in Fig. 6b , there were some bacterial residues, iron precipitates, and metal ions that were already leached in culture medium adhering to the surface area in the NCNTs. When treated with acid, the NCNTs could return to the original state as shown in Fig. 6c , and the surface of NCNTs became uniform thickness.
NCNTs without any processing and NCNTs with acid treatment after bioleaching were added to the bioreactor, which already contained bacteria and WPCB powder. The results as shown in Fig. 7 , when NCNTs without any processing were added in culture medium after fi ve days of bioleaching, indicate a leaching rate of copper of nearly 90%. When NCNTs with acid treatment were added in culture medium, after fi ve days of bioleaching the leaching rate of copper was nearly 88%. So, after acid treatment toward NCNTs, its ability to promote the leaching rate of copper had a certain degree of decline, but not obviously. The conclusion showed that NCNTs could be reused after acid treatment, and it had almost no effect on catalyzing A. ferrooxidans bioleaching copper from WPCB powder.
Conclusions
The low leaching effi ciency limited A. ferrooxidans bioleaching copper from WPCB in its industrial applications. The catalytic role of NCNTs in bioleaching copper from WPCB by A. ferrooxidans was investigated in this research. The results indicated that a certain amount of NCNTs had good compatibility with A. ferrooxidans, and it had the best consistency when added to 0.04 g NCNTs in 50 ml solution. NCNTs could promote nearly 10% of the copper leaching rate in the bioreactor compared with the experimental group to which NCNTs were not added, and these laid the foundation for NCNT applications in the fi eld of hydrometallurgy.
When the NCNTs that were collected after the reaction were treated with acid, its ability to promote the bioleaching rate of copper had a certain -but not obvious -degree of decline of about 2% lower than the group in which the NCNTs were not treated with acid, so the NCNTs could be recycled. NCNTs can be used to improve the A. ferrooxidans leaching effi ciency from WPCB in the future, and the experimental mode used in this study can be used in other fi elds of hydrometallurgy.
